Aim. To investigate whether breast cancer incidence increases with increasing latitude in mainland Australian women. Methods. A cross-sectional study of female breast cancer and cutaneous melanoma incidence 2002-2006 by 5-year age group and local government area. Latitude, Accessibility/Remoteness Index of Australia (ARIA), and Index of Relative Socioeconomic Disadvantage (IRSD) were assigned to local government areas. Latitude was grouped into bands (≤27 ∘ S; >27-30 ∘ S; >30-33 ∘ S; >33-36 ∘ S, and >36 ∘ S), and IRSD was divided into quintiles and ARIA into four categories. Breast cancer rates were age standardized using the direct method. The joint effects of latitude, age, IRSD, and ARIA on incidence of breast cancer and cutaneous melanoma were assessed using multiple logistic regressions. Results. At latitudes south of 30 ∘ S, rates of breast cancer were over double that north of 27 ∘ S (76.4 versus 160.2-176.5). Age-adjusted odds ratios of breast cancer were increased in all latitudes south of 30 ∘ S compared with north of 27 ∘ S within each IRSD and ARIA category (all < 0.001). After adjusting for age, IRSD, and ARIA, the odds ratio of breast cancer south of 30 ∘ S was 1.92 (95% CI 1.84-2.09; < 0.001), whereas cutaneous melanoma was 0.65 (95% CI 0.61-0.68; < 0.001) times north of 30 ∘ S. Discussion. Increasing latitude is positively associated with breast cancer and negatively associated with cutaneous melanoma incidence. These findings support suggestions that increased risk of breast cancer might be explained by lower ultraviolet radiation-induced vitamin D synthesis.
Introduction
Ecologic studies show that the incidence and mortality of breast cancer increase from the equator (latitude 0 ∘ ) as latitude increases towards the earth's poles (90 ∘ ) [1] [2] [3] . Similarly, the rates of breast cancer have been shown to be inversely associated with the level of ultraviolet (UV) radiation from sunlight [4] [5] [6] [7] [8] [9] .
For most individuals, solar UV radiation in the B spectrum is the primary source of vitamin D [10] . Exposure of the skin to UV radiation between the wavelengths of 290 and 330 nm causes photolysis of 7-dehydrocholesterol to form previtamin D 3 . In a heat-induced process, previtamin D 3 is then converted to vitamin D 3 , which is subsequently hydroxylated in the liver and the kidneys or in local tissue such as breast, to form the active form of the vitamin, 25hydroxyvitamin D 3 [10] .
Geographic latitude is an important determinant of cutaneous vitamin D synthesis, as it influences the amount of UV radiation reaching the skin [11] . An increase in latitude causes the solar zenith angle, the angle between the earth's local vertical and the position of the sun at a given moment, to increase. At the equator, the solar zenith angle is at its smallest. The solar zenith angle increases as latitude increases towards the poles, thereby increasing the path that sunlight is required to travel through the atmosphere towards the earth. This results in increased UV scatter and absorption, subsequently reducing the amount of UV radiation that reaches the earth's surface. It follows that the higher UV radiation levels at lower latitudes (closer to the equator) 2 Journal of Cancer Research increase the potential for vitamin D synthesis, compared with the lower UV radiation levels occurring at higher latitudes (further away from the equator), where the potential for vitamin D synthesis is reduced. Although there is little data comparing vitamin D levels according to location in Australia, findings from a 2012 study were consistent with this hypothesis, which showed that vitamin D deficiency is more common in individuals residing south of 30 ∘ S in comparison to those closer to the equator [12] . Similarly, we have previously shown that in the winter months when the solar zenith angle is greater there is a higher prevalence of vitamin D deficiency [13] .
The first suggestion that sunlight exposure may lower the risk of cancer was first made by Peller and Stephenson in 1937 [14] , after which the observation was made that there is an inverse association between latitude and skin cancer mortality [15] . In 1980, C. F. Garland and F. C. Garland [16] linked low vitamin D status to a higher risk of colon cancer, based on the theory that vitamin D is formed in the skin through solar ultraviolet B (UVB) radiation exposure. A similar association between vitamin D status and breast cancer has since been proposed [4] . It has been demonstrated that geographical incidence and mortality rates of numerous cancers, including breast cancer, are inversely associated with regional UVB radiation exposure [4] [5] [6] [7] [8] [9] .
The link between the early ecological data showing an inverse relationship between UV radiation exposure and cancer to vitamin D status was the finding that many cell types, including breast cells, contain vitamin D receptors [17] . The theory that vitamin D may be the factor involved in cancer protection is supported by cell studies showing that vitamin D induces differentiation and has antiproliferative and proapoptotic effects [18] . The theory is also supported by animal studies showing that vitamin D reduces tumor growth and size [19, 20] . Additionally, high serum 25OHD has been associated with a reduced risk of breast cancer in some [21] [22] [23] but not all [24, 25] studies.
It is well established that exposure to solar UV radiation causes malignant cutaneous melanoma [26] . This seemingly contradictory finding has been explained by the hypothesis that UV exposure to external cells has a mutagenic effect whereas there is a protective effect of UV-induced vitamin D production on internal cells [27] . As such, cutaneous melanoma incidence could be used as a marker of UV radiation exposure to strengthen the assumption that latitude is inversely associated with UV radiation. Furthermore, the average UV radiation striking the ground has been used as a crude surrogate of vitamin D in epidemiological studies. Although this does not take into account individual behaviors related to sunlight exposure, it has been reported to be a useful marker for vitamin D synthesis [28] .
The association between latitude and breast cancer has not been examined in Australia. However, there are reports of an inverse relationship between latitude and malignant cutaneous melanoma and noncutaneous melanoma skin cancer [29, 30] , with the highest rates of cutaneous melanoma being observed at lower latitudes. That UV radiation exposure is known to cause malignant cutaneous melanoma [31] , and it follows that Australian regions with higher rates of cutaneous melanoma are associated with higher UV radiation levels compared to those with lower rates of cutaneous melanoma.
The aim of this study was to examine the association between latitude and incidence of breast cancer and cutaneous melanoma in mainland Australian women.
Methods

Breast Cancer and Cutaneous Melanoma Incidence Data.
Australia is divided into six states and two territories: New South Wales, Victoria, Queensland, South Australia, Western Australia, Tasmania, the Australian Capital Territory, and Northern Territory ( Figure 1 [32] . This was used to calculate age-standardized incidence rates, using the direct method, for breast cancer and cutaneous melanoma. The Australian resident population was used for age standardization.
Latitude.
In latitude, Australia extends from 12 ∘ S to 43 ∘ S ( Figure 1 ). The latitude of each local government area was obtained by determining the postcode (zip code) of the most populated town in that local government area or, where all towns were highly populated, the most central town (in latitude) was used.
Latitudes according to postcode were obtained from http://www.corra.com.au/australian-postcode-location-data/. When there was no postcode available, Google Earth (http://www.google.com/earth/index.html) was used to determine the latitude of the most populated town in that local government area. Latitude was grouped into five bands. Due to the plateau effect in age-standardized breast cancer incidence observed at latitudes south of 30 ∘ S, latitude was dichotomized to north or south of 30 ∘ S in the multiple logistic regression models.
Index of Relative Socioeconomic Disadvantage.
The measure of socioeconomic status and social disadvantage, as discussed in this report, is the Index of Relative Socioeconomic Disadvantage (IRSD). We obtained IRSDs by postcode from the Australian Bureau of Statistics [33] . We used the IRSD because it has been shown to be a determinant of vitamin D status [34] . The IRSD focuses on disadvantage and is produced from the Australian national census by the Australian Bureau of Statistics for each postcode using 17 indicators based on education, income, and occupation [35] . We chose to group the IRSD into quintiles for the purpose of our analysis. The lowest IRSD quintile is the most disadvantaged, and the highest quintile is the least disadvantaged. We assigned each local government area an IRSD quintile according to the postcode of the town for which latitude was obtained.
Accessibility/Remoteness Index of Australia.
People living in less accessible regions of Australia are often disadvantaged in their access to health care services. The Accessibility/Remoteness Index of Australia (ARIA) measures remoteness from major metropolitan areas. ARIA values are calculated according to remoteness and based on physical road distance to the nearest urban centre: major cities (ARIA value: 0-0.2), inner regional areas (0.21-2.4), outer regional areas (2.41-5.92), remote areas (5.93-10.53), and very remote areas (>10.54). ARIA values were obtained from Australian Bureau of Statistics geographical divisions by postcode [36] . An ARIA was assigned to each local government area according to the postcode of the town for which latitude was obtained. Due to low population numbers and cancer counts, the outer regional, remote, and very remote categories were pooled when assessing the joint effects of several risk factors, using multiple logistic regressions.
Data Deidentification and Aggregation.
Following matching of breast cancer and cutaneous melanoma incidence, population, latitude, postcode, IRSD, and ARIA to each local government area, local government areas were deidentified by removing names and postcodes.
Statistical Methods and Analysis.
The statistical software SPSS version 20.0 (Chicago, IL) was used to analyze the data. Two-tailed tests with a significance level of 5% were used throughout. Breast cancer incidence rates were age standardized using the direct method, with the mainland Australian female 2006 population as the reference [32] .
The age-adjusted odds ratios of breast cancer and associated 95% confidence intervals (95% CI) by latitude band relative to the most northerly band (≤27 ∘ S) were calculated within each quintile of IRSD and within each ARIA category. Multiple logistic regression was used to assess the joint effects of latitude band, age group, IRSD, and ARIA category on the incidence of breast cancer and separately for cutaneous melanoma. In order to model the joint effects of several category variables, it was necessary to collapse some of the sparse categories to ensure stable estimates. Specifically, ARIA values were collapsed into three categories (major city, inner regional, and outer regional and beyond), and latitude was collapsed into two categories due to the plateau in agestandardized breast cancer incidence observed south of 30 ∘ S. Table 1 shows the distribution of breast cancer incidence and population at risk for each latitude band according to decade of age, IRSD quintile, and ARIA category. The age-specific incidence of breast cancer generally increased as latitude and age group increased. The age-standardized incidence of breast cancer was 76.4 at latitudes north of 27 ∘ S, whereas at latitudes south of 30 ∘ S there was a relative plateau with age-standardized rates approximately doubling to between 160.2 and 176.5. A similar plateau effect was observed within each IRSD quintile and ARIA category, with the age-specific incidences at latitudes south of 30 ∘ S being approximately twice those at latitudes north of 27 ∘ S. The largest proportion of the population at risk tended to reside between latitudes 27 ∘ S and 36 ∘ S, be less disadvantaged, and reside in a major city ( Table 1) .
Results
Within each IRSD quintile and ARIA category, the ageadjusted odds ratios of breast cancer were significantly increased in each latitude band south of 30 ∘ S compared with north of 27 ∘ S ( < 0.001, Table 2 ). The age-adjusted odds ratio of breast cancer in the most disadvantaged individuals at latitudes between 27 ∘ S and 30 ∘ S was almost double the odds ratio at latitudes north of 27 ∘ S (OR 1.9; 95% CI 1.2-3.0). The corresponding odds ratio in the second and third IRSD quintiles ranged from 1.2 to 1.5 and failed to reach significance in the two least disadvantaged quintiles. A plateau effect was seen for latitudes south of 30 ∘ S, in which the age-adjusted odds ratio was approximately double that of the reference category (north of 27 ∘ S). Similar results were observed within the ARIA categories. At latitudes between 27 ∘ S and 30 ∘ S, the age-adjusted odds ratios of breast cancer were 1.6 to 1.7 ( < 0.001) within the inner and outer regional categories, respectively, but failed to reach significance for the other ARIA categories.
In the multiple logistic regression model, the effect of IRSD and ARIA seen in the age-adjusted analysis was neutralized, in that there were no significant differences between categories within each variable. However, the increased risk of breast cancer remained significant after adjusting for all other variables, in that the OR of breast cancer at latitudes south of 30 ∘ S was almost double that for latitudes north of 30 ∘ S (odds ratio: 1.92; 95% CI: 1.84-2.01; < 0.001) (Table 3, Figure 1 ). As expected, the model for cutaneous melanoma also confirmed that after adjusting for age, IRSD, and ARIA, the odds ratio for cutaneous melanoma decreased for latitudes south of 30 ∘ S compared to latitudes north of 30 ∘ S. This supports the conjecture that latitude is a marker of sunlight exposure, and as latitude increases, the potential for vitamin D synthesis decreases.
Discussion
A latitudinal gradient has been demonstrated in Australia for several diseases, including multiple sclerosis [37] and diabetes [38] . This is the first study to show an association between latitude and breast cancer incidence in Australia.
Latitude is an important determinant of vitamin D status [11] . We have shown elsewhere that the potential for vitamin D synthesis is higher at more northerly locations, compared to more southerly locations in Australia [39] . Additionally, it has been shown that while vitamin D synthesis can occur throughout the year towards the equator (0 ∘ latitude), at a latitude of 40 ∘ S (slightly south of Melbourne, VIC (Figure 1) ) there is no vitamin D-effective radiation during the winter months [11, 40] . It is unlikely that dietary intake of vitamin D accounts for a substantial difference in vitamin D status in Australians as there are few foods that contain significant amounts of vitamin D. Estimates suggest that Australians consume approximately 80-120 IU vitamin D from foods each day. Additionally, in Australia the only foods that are mandatorily fortified are edible spreads such as table margarines, which contain approximately 40 IU vitamin D per 10 g serve. There is no data regarding variation in vitamin D intake by location in which individuals reside, and this is worthy of further investigation. Furthermore, we are unable to explain the plateau effect in age-standardized breast cancer incidence observed at latitudes south of 30 ∘ S, and it may be that there is insufficient vitamin D synthesis beyond this latitude to have a protective effect.
Our results are in accordance with international studies that show a positive association between risk of, or mortality from, breast cancer and latitude [2, 4, 41] or measures of inadequate UV radiation [9, 41, 42] . We found that at latitudes south of 30 ∘ S, a line that runs parallel to the equator from north of Perth on the west coast of Australia to approximately midway between Sydney and Brisbane on the east coast of Australia (Figure 1) , there was almost double the risk of breast cancer compared with latitudes north of 30 ∘ S. Similarly, a study of 9778 USA Caucasian women aged 20-79 years showed that after adjusting for recognized risk and prognostic factors, mortality rates (per 100 000 individuals) among women aged 50-79 years in the west, Midwest, and Northeast were 1.13 (95% CI, 1.04-1.23), 1.08 (95% CI, 1.01-1.16), and 1.13 (95% CI, 1.04 to 1.23), respectively, compared to women in the south of the country [2] . Garland et al. also showed a 1.8fold range for breast cancer mortality rates in the USA from the south and southwest to the northeast [4] , results that are strikingly similar to ours. Another study, which investigated UVB irradiance in 107 countries, found that age-standardized incidence was substantially higher at latitudes furthest from the equator ( 2 = 0.43; < 0.0001) [9] . Similarly, a study that looked at sunlight levels found a significant negative association between breast cancer incidence rates and sunlight levels ( = −0.75; = 0.001) [42] .
Our results are in accordance with previous investigations that show higher rates of breast cancer for women from higher socioeconomic status backgrounds (Tables 1-3) [43] . In age-adjusted analysis, we found that women from all IRSD quintiles had at least double the incidence (Table 1) and risk (Table 2) for breast cancer at latitudes south of 30 ∘ S compared to north of 30 ∘ S (Tables 1 and 2 ). There appeared to be an increasing incidence associated with quintile of Table 1 : Age-specific annual incidence rates of breast cancer and female population at risk by latitude band; age-standardized annual incidence rates overall and according to IRSD and ARIA.
Incidence per 100 000
Total population at risk socioeconomic disadvantage for each latitude band (Table 1 ) although no effect after adjusting for age was seen ( Table 2) . However, after adjusting for age group, ARIA, and latitude, only those in the highest quintile had a significantly higher risk of breast cancer (OR: 1.16; 95% CI: 1.05-1.27; = 0.003) ( Table 3 ). It is possible that factors that we have not been able to control for, such as diet, physical activity, body mass index, parity, and hormone use, for example, explain the association we have seen as these factors are known to affect breast cancer risk [44] [45] [46] . There is little data available on such factors according to latitude or location of residence of women in Australia. Additionally, variations in screening rates across Australia may account for the association we have observed. For instance, women who reside in remote areas may not have the same access to screening programs as those in major cities. Our ability to control for remoteness may somewhat control for such variation; however it is possible that residual confounding occurs. These factors are worthy of further investigation. Findings on the relationship between breast cancer and remoteness have been inconsistent. In age-adjusted analysis, we found that women from all remoteness quintiles had a similar risk of 2 or above for breast cancer at latitudes south of 30 ∘ S, although there was no effect of major city, as shown by similar incidence and risk among categories of remoteness (Tables 1 and 2) . Similarly, after adjusting for age, socioeconomic disadvantage, and latitude, we found a similar risk of breast cancer, irrespective of whether subjects resided in a major city, inner regional area, or outer regional area and beyond (Table 3 ). These findings are in accordance with a study by the English, [47] which showed no statistically significant differences in breast cancer risk by remoteness. Conversely, reports from the Australian Institute of Health and Welfare show that those residing in major cities or inner regional areas had significantly higher 5-year relative survival (both 88%) than those from outer regional areas (85%) [43] . These opposing findings in that report may be caused by a confounding effect of latitude, which was not adjusted for in the Australian Institute of Health and Welfare study.
A weakness of our study is that we were unable to take into account individual serum 25(OH)D concentrations or the factors that affect vitamin D concentration, such as sunlight exposure, obesity, age, and skin pigmentation [48] . The strengths of our study include our ability to control for age, socioeconomic disadvantage, and distance from a major city, all of which have been shown to be important determinants of vitamin D status [34] .
The association of cutaneous melanoma with increasing UV radiation exposure and lower latitudes at closer proximity to the equator has been well documented internationally [49, 50] and in Australia, [29, 30] and is in accordance with our finding that the risk of cutaneous melanoma is lower at latitudes south of 30 ∘ S compared with north of 30 ∘ S. However, as has been suggested [40] , it is possible that latitude alone is not a good indicator of vitamin D status since other factors such as cloud cover and ozone affect vitamin D synthesis. Nevertheless, our finding that the risk of cutaneous melanoma decreases as latitude increases supports the notion that UV radiation levels decrease with increasing latitude, and therefore the potential for vitamin D synthesis also decreases as latitude increases.
In summary our data show that living at higher latitudes towards the south of Australia, in particular at more than 30 ∘ S, is associated with a significantly increased risk of breast cancer compared to latitudes less than 30 ∘ S. Further, in multivariate analysis, we showed that the major city effect did not make a difference, but factors such as high socioeconomic status were independently associated with an increased risk of breast cancer.
Our data add to previous ecological evidence suggesting a relationship between latitude and breast cancer incidence, although confounding effects from other factors cannot be totally excluded. Our findings should be interpreted with caution; they cannot imply causation of breast cancer by low vitamin D as the link between latitude, UV radiation, and vitamin D remains speculative. Further studies involving direct measurement of serum vitamin D are needed to directly test this hypothesis.
